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Abstract
The Developmental Origins of Health and Disease (DOHaD) approach answers questions surrounding the early events 
suffered by the mother during reproductive stages that can either partially or permanently influence the developmental pro-
gramming of children, predisposing them to be either healthy or exhibit negative health outcomes in adulthood. Globally, 
vulnerable populations tend to present high obesity rates, including among school-age children and women of reproductive 
age. In addition, adults suffer from high rates of diabetes, hypertension, cardiovascular, and other metabolic diseases. The 
increase in metabolic outcomes has been associated with the combination of maternal womb conditions and adult lifestyle–
related factors such as malnutrition and obesity, smoking habits, and alcoholism. However, to date, “new environmental 
changes” have recently been considered negative factors of development, such as maternal sedentary lifestyle, lack of mater-
nal attachment during lactation, overcrowding, smog, overurbanization, industrialization, noise pollution, and psychosocial 
stress experienced during the current SARS-CoV-2 pandemic. Therefore, it is important to recognize how all these factors 
impact offspring development during pregnancy and lactation, a period in which the subject cannot protect itself from these 
mechanisms. This review aims to introduce the importance of studying DOHaD, discuss classical programming studies, 
and address the importance of studying new emerging programming mechanisms, known as actual lifestyle factors, during 
pregnancy and lactation.
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Introduction

Human epidemiological studies have focused on chronic 
degenerative diseases such as obesity and diabetes that have 
been carried out in recent decades. From these efforts, it is 
thought that early development is a critical stage character-
ized by an increased sensitivity to harmful environmental 
factors of both short- and medium-term consequences in 
the offspring [1, 2]. Experimental animal models have been 
used to confirm how negative changes in nutrition during 
pregnancy and/or lactation can be determinant in the off-
spring to induce greater susceptibility to chronic diseases 
from the early stages of their development and then accentu-
ated, later during adult life. It is known that obesity can be 
established during the first 1000 days of life in offspring (the 
period from conception to 2 years old), with the first effects 
appearing by preschool stage [3, 4]. Worldwide, Mexico 
is considered the first country in children with overweight 
and obesity. It is well known that overweight persistence in 
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the early-life population makes individuals prone to dys-
lipidemia, hypertension, diabetes, and other cardiovascular-
related complications in adulthood. In 2012, the National 
Health and Nutrition Survey (ENSANUT) revealed severe 
nutrition-related problems, such as the low prevalence of 
exclusive breastfeeding, chronic malnutrition in children 
under 5 years old, anemia, overweight, and obesity. By 2016, 
it was confirmed that overweight and obesity were widely 
present in Mexican schools among adolescents and adults [5, 
6]. In addition, in 2019, the ENSANUT 100 K showed that 
the high prevalence of obesity among the Mexican popula-
tion did not differ by social status [6]. Therefore, it is impor-
tant to analyze the environmental disadvantages that cause 
individuals to be more vulnerable to weight gain.

The Food and Agriculture Organization of the United 
Nations (FAO) revealed that between 2012 and 2016, obesity 
increased from 20.5 to 24.5 million people in the population of 
reproductive [7] age (18 years and older) in Mexico, standing 
in sixth place among 150 countries worldwide [8], thus clearly 
identifying an early predisposition for obesity in both sexes, 
with major concern for pregnant women. While it is correct to 
ascertain that the public health system does its best to serve this 
segment of the population in terms of service-oriented programs 
of nutritional counseling, there is no nutritional monitoring of 
maternal diets as a part of prenatal care in Mexico. However, 
specific campaigns, either clinical or training courses to guide 
or apply specific or comprehensive diet education, which are 
crucial to describe the basic macro- and micronutrients required 
during the early stages of pregnancy, are lacking [8–10]. In addi-
tion, although population studies have shown that the current 
generation is suffering not only from metabolic but also from 
behavioral and mental diseases through life stages [11, 12], 
the effects of lifestyle and climate change have been consid-
ered probable causes that negatively influence developmental 
programming; however, in the last decades, the increment of 
smog, industrialization, overcrowding, overurbanization, noise 
pollution, and psychosocial stress has led to the development of 
new programming factors as a result of different changes in the 
world [13, 14]. In turn, it is important to study the mechanisms 
that make organisms respond differently to the developmental 
processes of life. In recent decades, statistics have indicated 
that children not only are no longer physically active and suffer 
from overweight and obesity but also lack cultural identity and 
interest in school. Furthermore, prevalent broken family struc-
tures, which are often accompanied by no social coexistence, are 
leading children to develop aggressive behaviors, expressed as 
manifestations of depression and loneliness episodes [15, 16]. 
Therefore, it is important to highlight how fetal and neonatal 
development is a vital process that culminates in the mother’s 
womb and facilitates whether either positive or negative changes 
in the mother can directly impact offspring health. This, cou-
pled with the presence of epigenetic factors that can also impact 
offspring by altering organism homeostasis, can explain the 

presence of multiple diseases in early and adult life, which are 
well known as the Developmental Origins of Health and Disease 
(DOHaD) (Fig. 1) [17–20]. Currently, obesity is considered one 
of the leading causes of death worldwide. Obesity is considered 
a multifactorial disease that prevails in all social strata, and is 
not specific to or determined by socioeconomic level, education 
level, religion, culture, or geographical region [21, 22].

Historical World Events to Negatively 
Programmed Human Health

Research studies have set their primary objectives to investigate 
disease distribution and health events in the human population 
while contributing to the discovery and characterization of the 
laws that govern or influence these conditions and have allowed 
us to understand the distribution of diseases and their epide-
miological trajectories. Additionally, historical world events 
have allowed retrospective analysis that helps us determine the 
changes that occurred in a population’s pathophysiology. The 
DOHaD concepts recognize how the earliest events in human 
development are associated with permanent changes in struc-
ture and function to disease predisposition in adult life. Studies 
by Barker, published from 1986 until 2014, explain why obe-
sity and chronic degenerative diseases are derived from these 
negative environmental changes in the early embryonic and 
periconceptional periods [18, 23–25]. These studies pioneered 
an understanding of how these changes could affect and evolve 
in humans when considering the events sustained by individu-
als throughout their existence, such as the Second World War, 
or by characterizing what happened in a population that suf-
fered changes in its social or nearby environment [26–29]. The 
Barker theory describes and supports the events that occurred 
between 1911 and 1930 in Hertfordshire, UK, when mothers 
had their babies with the help of a midwife who reported gain-
ing weight from birth to 1 year, finding a stronger correlation 
with the increment of birth weight and coronary heart disease 
in adult life; however, this correlation was neither the same in 
women and men nor between countries [30]. Additionally, in a 
Dutch famine, women exposed in early gestation to undernutri-
tion during 1944 to 1945 had babies with a higher prevalence 
of coronary heart disease and metabolic problems and a greater 
predisposition to obesity in adult life, while mothers exposed 
to the same conditions but at midgestation were associated 
with lung disease and microalbuminuria. Finally, undernutri-
tion occurring at the end of gestation was associated with less 
glucose tolerance in the affected populations [31]. Therefore, 
molecular and physiological approaches are necessary to fully 
understand the cellular complexities that drive diseases. How-
ever, ethical considerations in studies with human individuals 
impede us from fully understanding the phenotypic changes 
sustained by a particular person and how his or her health dete-
riorates in the short or long term.
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Experimental Models of Research 
in Programming Development

Research using animal models allows us to understand disease 
mechanisms and their complex pathways at all biological or 
molecular levels. In addition, while some animal species have 
shorter lifespans than humans, animal models provide reproduc-
ible support inherent to the epidemiological events that have 
been reported thus far. In such a way, health authorities provide 
reliable and conclusive information to inform the population on 
social health problems. It is important that researchers control 
environmental variables in experimental design. In program-
ming research, the literature recognizes more than 23 species 
in which DOHaD has been studied [18, 32]. The animals most 
often used to understand programming mechanisms are rodents 
[33–35], sheep [36–39], bovines [40–43], and nonhuman pri-
mates [44–46].

Research within this field aims to analyze how positive or 
negative factors in the maternal environment can significantly 
modify the establishment and development of offspring. In 
these studies, different types of treatments, such as a low-
protein diet [47–49], a high-fat diet [50], a diet with modi-
fied sugar content [51], and interventions such as the use of 
pharmaceutical drugs [52] and nutritional supplements, have 

been tested in short- and long-term studies [53, 54], as well 
as in transgenerational designs. Differences in sex, age, and 
organ health conditions have also been considered [55, 56]. 
The use of animals as study models provides scientists with 
the opportunity to learn the mechanisms involved in health 
and disease at all biological levels, including molecular and 
cellular pathways and evolutive adaptations, and maintains 
control of the required environmental conditions. Due to the 
widespread presence of pollutants worldwide, the effects of 
environmental conditions and climate change have recently 
been considered in DOHaD research. However, studies that 
address the complex adaptation mechanisms occurring during 
maternal development and the effects on offspring phenotype 
are lacking.

Classical Maternal Diet Treatments 
in Programming Studies

Experimental designs within this field have been mostly 
directed to understand fetal metabolic programming due to 
changes in the maternal diet. Fetal life is distinguished as a 
stage of growth and maturation to establish specific struc-
tures and/or fetal physiological functions and encompasses 

Organ and system programming

Origins of Health and Disease 
Development (DOHaD)

Fetal stage

Neonatal stage

• Alcoholism
• Drug addiction
• Obesity
• Undernutrition
• Smog
• Smoking
• Pollution
• Sedentary
• Stress

Changes in the maternal 
environment

Differen�a�on of β-pancrea�c cells damage
Liver metabolic dysregula�on
Early deteriora�on of white adipose �ssue 
Decreased in gesta�onal body development 

Impaired brain matura�on 
Cogni�ve and learning problems 
Nega�ve changes in re�na development  
Appe�te center dysregula�on

Fig. 1   Developmental Origins of Health and Disease (DOHaD)
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key moments for early healthy development [57]. Under 
these sequential stages, genes trigger various develop-
mental actions that must be properly synchronized and 
coordinated to activate reactions in the organism. Stud-
ies allow us to understand how diets and certain nutrient 
imbalances affect not only the mother’s health but also the 
offspring’s health programming and, in some cases, those 
of the elderly [58–60]. Different maternal dietary models 
have been used in these studies to verify this theory.

Protein Restriction Diet

Pregnancy

As previously mentioned, rats and mice are the most stud-
ied models in DOHaD. Research in rats has established 
clear relationships between the maternal environment and 
diseases related to metabolic syndrome during adult life in 
progeny [20]. In general, it has been shown that negative 
offspring programming due to maternal protein restriction 
manifests in different organs, such as the liver, pancreas, 
adipose tissue, kidney, and heart. Programming induces 
the early appearance of metabolic, cardiac, and hormonal 
alterations [47, 59, 61, 62]. Molecular metabolic path-
ways, such as lipid synthesis, have been established, and 
maternal–fetal protein restriction negatively dysregulates 
the expression and specific binding of proteins and recep-
tors such as PPARα, CPT-1, SREBP-1, and FAS in the 
liver. Offspring may be predisposed to develop fatty liver, 
hepatic steatosis, cirrhosis, and liver cancer in adult life 
[63–66]. In addition, a maternal protein restriction diet 
also affects offspring glucose metabolism accompanied by 
insulin resistance in adulthood [67]. Nan Wang and cols. 
demonstrated in Sprague Dawley rats that maternal pro-
tein restriction affects not only glucose tolerance but also 
average islet size and decreases body weight. However, 
the results showed an increase in the expression of nutri-
ent-responsive receptors and transporters such as T1R3, 
SGLT1, and GLUT2, indicating that maternal diet directly 
influences offspring metabolism [68]. Other studies within 
a maternal protein-restricted diet during pregnancy have 
shown not only negative impacts in fetal development and 
adult offspring but also negative adaptations in the mater-
nal liver, with changes in desaturase and elongase gene 
expression that reduce the concentrations of long-chain 
polyunsaturated fatty acids (LC-PUFAs) and affect mam-
mary gland development, differentiation, and proliferation 
[69]. In conclusion, there is evidence that small changes 
in maternal dietary protein intake modify liver and mam-
mary gland maternal function, accompanied by negative 
changes in offspring [69].

Lactation

The lack of amino acids, proteins, and other nutrients in 
breast milk due to a low-protein diet affects body develop-
ment and alters liver homeostasis in offspring, thus generat-
ing obesity in adult life [70–73]. Fat, an important nutrient 
during the lactation period, is affected by a low-protein diet 
regime. Studies in rodents under maternal protein restriction 
showed that milk has lower fat and arachidonic acid (AA) 
and docosahexaenoic acid (DHA), known as LC-PUFAs; 
these constitute the major LC-PUFAs in brain tissue and 
are essential structural components of the central nervous 
system [69]. Low content of AA and DHA due to fatty acid 
elongase and desaturase down-regulation is associated with 
abnormal prenatal and postnatal development of the retina 
and brain, causing the incorrect establishment and neural 
connection during fetal life that continue in lactation [48, 
69, 74].

Hormones are another important component of milk [75]. 
During lactation, the mother must transfer hormones such as 
leptin, adiponectin, and ghrelin, to the baby to initiate various 
hormonal axes. Studies in rodents have shown that by 11 to 14 
lactation days, an increase in leptin should occur in offspring 
serum. This increase is known to regulate offspring appetite. 
Furthermore, offspring from mothers under a low-protein diet 
regime during the lactation period showed lower leptin concen-
trations. After weaning, increased body weight, visceral adipose 
tissue, adipocyte hypertrophy, and insulin resistance could lead 
to obesity and the development of chronic degenerative diseases 
in adulthood [71]. Adiponectin has been found to play a criti-
cal role in obesity prevention during childhood by regulating 
lipid and carbohydrate metabolism [76, 77]. Moreover, it is 
well known that leptin and adiponectin are correlated with birth 
weight, body mass index, and adiposity [78, 79]. Studies per-
formed in offspring from protein-restricted mothers have dem-
onstrated a catch-up mechanism given that the neuroendocrine 
connections that regulate hunger, satiety, and maintenance for 
energy balance [80] were not well established during lactation 
[81–83]. Besides, many studies have shown that hormones in 
breast milk have an important role in the neonate and mother 
energy balance regulation [84]; human studies reported that 
higher body mass index was associated with high leptin and, 
insulin levels, and with lower ghrelin concentration in breast 
milk, which was due to the corresponding maternal hormone 
levels in serum. Therefore, maternal body mass index seemed to 
be an essential factor modulating hormone levels in breast milk. 
In addition, human and animal experimental model is constant 
to report the low concentration of ghrelin hormone in neonates 
and the direct regulation by maternal breast milk since it is found 
in baby’s plasma and milk [85]. Studies in rodents have shown 
positive correlations between ghrelin concentrations, individual 
age, weight, head circumference, and size of newborn during the 
first days of life [106, 107], suggesting the potential hormonal 
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role in protecting the infant from the short-term acceleration of 
fatty deposit and the long-term obesity and diabetes [84–86]. 
A maternal protein restriction regime during lactation has been 
shown to produce changes in milk composition, modifying the 
supply of macro- and micronutrients and leading to the develop-
ment of chronic degenerative diseases in offspring when reach-
ing adult life [87].

High Fat Diet

Pregnancy

Several studies have shown that dams exposed to a high-fat 
diet during gestation and lactation lead to offspring body 
weight gain and increased adipose index, hyperglycemia, 
and hepatic lipid composition at weaning compared with 
pups from control mothers who were fed a nutrient-balanced 
diet [50, 88–90].

Additionally, studies in pregnant rodents exposed to 
high-fat diets during pregnancy showed that the fetuses 
developed greater taste sensitivity to some flavors, such as 
sugar and fat. Offspring showed weight gain from the first 
days of extrauterine life and developed obesity and diabe-
tes in adult life [91, 92]. It was also shown that the renin-
angiotensin system found in white adipose tissue involved 
in the regulation of transcription factors and response pro-
teins was altered in the fetus when changes in the maternal 
diet occurred. This type of maternal treatment negatively 
modifies adipose tissue homeostasis, which could trigger 
obesity and hypertension in adulthood [93]. Other research 
groups have demonstrated that maternal obesity negatively 
programs the development and proliferation of β cells in the 
fetus. Maternal obesity has been found to impair the regula-
tion of transcription factors (Pax4, Nkx2.2, Pdx1, MafA, 
Nkx6.1, Pax6, and NeuroD1/Beta2), which modify synthesis 
and glucose metabolism in postnatal life, inducing tolerance 
and insulin resistance in adult offspring [94].

The same effects have been documented in nonhuman pri-
mates, showing that maternal obesity can alter liver metabo-
lism in offspring [95, 96]. Additionally, studies in female 
baboons showed that overfeeding in the preweaning period 
improves the rate of adiposity index in offspring over fat cell 
hypertrophy [97, 98]. Meanwhile, in macaques, the maternal 
high-fat diet leads to lipotoxicity in the fetal liver and predis-
poses to nonalcoholic fatty liver disease in adult offspring [98, 
99]. In addition, macaque offspring from mothers fed a high-
fat diet before and during pregnancy showed smaller body 
weights in the first trimester but displayed catch-up growth 
and a higher adiposity index in the postnatal life, affecting not 
only body weight homeostasis but also stress response and car-
diovascular abnormalities [100]. Another study in nonhuman 
primates showed that maternal obesity restricts fetal growth, 

induces fatty liver, and increases triglyceride levels com-
pared to the control group. The offspring metabolic changes 
observed during early fetal life persisted in adulthood, with a 
two fold increase in body fat percentage [101].

Lactation

Several research groups have experimentally used maternal 
high-fat diet treatments due to their effectiveness in demon-
strating the influence of the current lifestyle’s effect on the pro-
gramming of obesity worldwide [102]. These studies consist of 
documenting the adverse effects found in offspring after wean-
ing at different stages of their life. However, few studies have 
demonstrated the consequences on a mother’s health during lac-
tation or on milk composition and how these outcomes would 
modify growth and maturation patterns in early offspring [48, 
71, 91, 103–106]. A study under a maternal high-fat diet regi-
men found a higher percentage of total lipids in the mammary 
gland and liver [91]. Other studies demonstrated an increase in 
total fat content in milk, accompanied by a higher leptin con-
centration and increased adipose tissue and body weight in male 
offspring on day 21 of lactation [10, 91]. Furthermore, a high-fat 
diet consumed during lactation has been associated with a lower 
adiponectin concentration in offspring [107]. Moreover, female 
and male offspring with maternal obesity exposure showed 
increases in adiposity index and triglyceride, insulin, and glu-
cose levels at 110 days of life. In primates, when the mother 
consumes a high-fat diet during lactation, the concentrations of 
eicosapentaenoic (EPA), DHA, and essential fatty acids in milk 
and protein diminish [108]. However, more studies are needed 
to determine if these negative effects persist or increase over the 
life course [92].

High‑Carbohydrate Diet

Pregnancy

Higher carbohydrate consumption has also been studied. Preg-
nant mothers exposed to carbohydrate-rich beverages dur-
ing the developmental period predispose their offspring, both 
female and male, to gain more weight in adult life. Addition-
ally, females exposed to carbohydrate-rich beverages in gesta-
tion had increased body weight and alcohol intake, while males 
had increased locomotor activity by amphetamine action, as 
Bocarsly ME. reported [109]. Moreover, the combination of 
high fat and sugar intake (supplemental diet) during the devel-
opmental period increased body weight, and, fat, and concentra-
tions of plasma leptin and glucose. However, when exposed to 
perinatal and postweaning supplemental diets, fasting glucose 
levels increased, and leptin resistance appeared in adult rats; 
the same treatment also sensitized the locomotor response to 
an acute injection of amphetamine, as Shavel U. and colleagues 
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reported [110]. Accordingly, carbohydrate consumption 
increased the prevalence of obesity and drug abuse in adulthood 
in offspring [109, 111]. In addition, studies from Toop C. et al. 
demonstrated that perinatal exposure to high concentrations of 
fructose or sucrose during the critical window of development 
has deleterious metabolic consequences in offspring from young 
to adult life, mainly on adiposity index, free fatty acid plasma 
concentration, liver fat, and lipid composition. In conclusion, 
the carbohydrate type and the exposition period are both essen-
tial to establish the consequences of metabolic outcomes in the 
progeny [112].

Finally, some additional programming experiments in other 
species have been studied. For example, the concept of develop-
mental programming was resulted from human epidemiological 
data and animal experimental models [113] and that until then, it 
was unknown if it affected other species, such is the case of par-
ticular bovines, that are commonly used for meat production and 
by the food industry, wherein observed particular results due to the 
deleterious conditions that bovines have been exposed as a result 
to high demand for food by the human population, such as cli-
mate factors, space restrictions [114, 115], and husbandry practices 
during the last decade [116, 117]. Programming-related studies in 
these species have explored factors such as nutrient availability, 
environmental conditions (soil quality, climate and geographic 
area), heat-related stress, and female competition for resources. 
The results showed a decrease in maternal milk yield and a reduc-
tion in offspring size [118]. Furthermore, these factors negatively 
affect offspring by increasing neonatal mortality, respiratory, intes-
tinal, and metabolic disorders, and notably, a reduction in meat 
quality [118]. Good body condition in dry cows is important to 
maintain lactation and milk production. However, if such cows are 
fed with an excess fat diet, then they are predisposed to lose body 
condition as they are at greater risk of metabolic problems after 
calving [119]. Bovine pregnant females can decrease food intake 
days before calving, and this is more frequent in obese females, 
thus predisposing them to mobilizing body reserves and metabolic 
diseases such as ketosis, fatty liver, distocy, and a reduction in dairy 
production. They are also at greater risk of vaginal lesions and 
hemorrhage at delivery, puerperal hypocalcemic paresis, ketosis, 
and displacement of the abomasum, postpartum immunosuppres-
sion, and retained placenta [120] (Fig. 2). Regarding programming, 
future research should focus on documenting the effect of food 
quality, especially meat from industrialized production which is 
associated with negative offspring outcomes, consumed by preg-
nant and lactating women.

New Emerging (Lifestyle) Factors in Maternal 
Programming

To date, due to an emerging lifestyle, psychological and 
even climate-related factors can affect the maternal envi-
ronment and therefore should be approached with scientific 
consideration as new emerging factors affecting maternal 

programming. People are facing new “normal living condi-
tions,” and these emerging factors include a sedentary life-
style, psychosocial stress due to work issues, overcrowd-
ing, smog, overurbanization, industrialization, and noise 
pollution [13, 14, 16, 71, 121–123], and these factors may 
either positively or negatively influence and impact offspring 
development. These factors are known to be determinants 
in generating permanent changes that can compromise fetal 
development and lead to further progression of chronic 
degenerative diseases in early and later life of offspring [59, 
124]. Moreover, social environmental changes are a conse-
quence of lifestyle decisions and poor government public 
policies. However, these decisions have a massive impact 
on individual health and are the most concerning factor dur-
ing human reproductive events when a new individual is 
developing and cannot discern between positive and negative 
influences. These patterns become more disturbing when 
pregnant women cannot relocate to find other environmental, 
psychological, and social conditions. In this sense, there is 
a need to generate new protection systems as human spe-
cies to increase resistance to these conditions. While it is 
difficult to predict and visualize the implications of many 
present and future diseases, but it is time to acknowledge and 
increase awareness that modern lifestyles are suboptimal. 
The following section will include different experimental 
models to review studies focusing on the new emerging fac-
tors that affect maternal programming during pregnancy and 
lactation.

Sedentary Lifestyle

Pregnancy

Sedentary behavior is present in at least 50% of the popu-
lation and is an increasing risk factor for type 2 diabetes 
and developing cardiovascular disease [125]. The relation-
ship between sedentary behavior and type 2 diabetes and 
impaired glucose tolerance is very high in women com-
pared to men. However, sedentary behavior during preg-
nancy is poorly demonstrated, as Fazzi C. reported [126] 
but is directly tied to negative outcomes, not only in mothers 
but also in offspring. The results from 26 studies showed 
that pregnant women spent more than 50% of the time in 
sedentary behavior, and this phenomenon has been highly 
correlated with an increase in protein C reactive and LDL 
cholesterol in newborns. In addition, a larger abdominal cir-
cumference, hypertension, gestational diabetes, and depres-
sion have been observed [126]. In addition, the association 
between a sedentary lifestyle and a high-fat diet during 
pregnancy has been widely approached in experimental 
models [127]. Rats exposed to undernutrition during gesta-
tion resulted in offspring with low birth weight. At weaning, 
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offspring were randomly divided into control or either fed 
hypercaloric diets. At 35, 145, and 420 postnatal days, the 
offspring from undernourished mothers showed less activ-
ity than those born to control mothers. Sedentary behavior 
was impaired by maternal programming and by postnatal 
hypercaloric nutrition. The results showed a predisposi-
tion to obesity due to prenatal eating behavior and seden-
tary lifestyle. This behavior was potentiated by postnatal 
hypercaloric nutrition, thus illustrating the impact of fetal 
programming, even in those rats where healthy diet behavior 
was introduced [127]. Therefore, it is necessary to begin rec-
ognizing maternal sedentary behavior as an important factor 
in DOHaD due to the adverse impacts on maternal and child 
outcomes to avoid metabolic and cardiovascular disorders in 
adult offspring. Furthermore, due to discrepancies in robust-
ness for different protocols to evaluate sedentary lifestyle, 
it would be productive to standardize such measurements.

Maternal Stress

Pregnancy

Maternal stress during pregnancy induces irreversible dam-
age to offspring development by compromising the direct 
neuronal connections that are commonly present between 

the mother and the fetus, thereby also affecting the immune 
system and hormone regulation, such as glucocorticoids and 
adrenaline, and predisposes the progeny to develop meta-
bolic disorders in adulthood [128, 129].

Since the 1970s, human studies have been published about 
the effects of maternal psychosocial stress and its consequences 
on offspring. There are many sources of stress, such as expe-
riencing social pressure, noise, marital conflicts, and death in 
the family, overcrowding, and poverty during pregnancy. The 
results showed that gestational stress modifies child weight 
at birth and delays development. Also, it has been associated 
with poor social interaction, an increase in depression and anxi-
ety, [130–132], and changes in offspring behavior [132, 133] 
(Fig. 2).

To date, many experimental models have been developed to 
study stress during pregnancy and its consequences in offspring.

Lack of Maternal Attachment

Lactation

Although offspring are already fully formed during lacta-
tion, it has been well recognized that positive and negative 
maternal programming events occur throughout the lactation 
period, where the maturation of organs and systems mostly 

OFFSPRING EFFECTS FROM MOTHERS EXPOSED TO DIFFERENT DIET AND INVIROMENTAL CONDITIONS

Mothers exposed to High-Fat Diet

Mothers exposed to new emerging enviromental factors

Smog
• ↑ Body weight
• Impaired blood pressure
• ↑ Heart failure 

Overcrowding
• Negative effects on body 

weight
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oxygen flow

• ↑ Fat transport
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Thermal stress
• ↑ Body weight
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Different stressors
• ↓ Maternal milk yield 
• ↓ Offspring size
• ↑ Neonatal mortality 
• ↑ Respiratory, metabolic and

intestinal disorders.
• ↓ Meat quality

• ↑ Body weight
• ↑ Adiposity index
• Hyperglycemia
• ↑ hepatic lipids

Offspring effects

Offspring effects

Fig. 2   Offspring effects from mothers exposed to different diets and environmental conditions
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occurs. Therefore, the influence of the maternal environment 
can greatly affect offspring development. In addition, during 
lactation, the mother transfers macro- and micronutrients 
and other important molecules through milk that allow neo-
nates to develop well [134, 135].

Experimental studies have demonstrated that mothers 
repressing licking, grooming, and normal social behaviors 
toward their progeny during the lactation period cause off-
spring to present neurological deficiencies in behavior and 
stress responses [136], similar to when a working woman 
is away from home for a long period, repressing herself 
from appropriately interacting with her baby. The lack of 
maternal attachment, is associated not only with behavioral-
related issues in offspring but also endocrine, emotional, 
and cognitive responses to [137]. In addition, another study 
demonstrated that maternal isolation during the first days 
of life affects the normal development of children, causing 
alterations in reactivity and emotions at the neuroendocrine 
level that prevails in adulthood [136].

Transportation Stress

Pregnancy

Maternal Stress

In a study that subjected pregnant rats to traveling in aircraft 
for 90 min, the authors observed that transportation increased 
stress-related behaviors such as licking and grooming. After 
birth, dams were found to present lower body weight and were 
more susceptible to developing seizures by thermal shock. 
Interestingly, male offspring were smaller and prone to develop 
severe seizure attacks, showing that maternal stress is a signifi-
cant factor that induces changes in fetal programming [138]. 
Restrain is another experimental model to study stress during 
pregnancy and lactation. Pregnant rats were kept in small boxes 
and exposed 45 min of light three times per day or were induced 
leg pain by electric shock for 1 week. The results showed that 
male offspring had lower levels of plasma ACTH versus corti-
costerone than restrained females and controls. Stressed males 
had lower testosterone levels, and females presented higher 
anxiety conduct [139]. In a fostering stress model, offspring 
were exchanged between mothers subjected to restraint stress 
during pregnancy and normal environmental pregnant moth-
ers. Stressed mothers exhibited anxiety-related behavior, with 
an increase in retrieval rate, and a significant decrease in spent 
time interacting with their pups as well as licking duration com-
pared with non-stressed mothers. Additionally, after 6 h of birth, 
pups were changed between mothers. Stressed foster mothers 
with non-stressed pups showed an increase in retrieval rate and 
lower spending time with the offspring and liking time com-
pared with non-stressed foster mothers. When females from 

stressed mothers that reached maturity were mated, then the 
new stressed mothers had aggressive behavior increasing the 
pup’s attack compared with non-stressed mothers; also, stressed 
mothers had lower nest-building scores, and corticosterone lev-
els were significantly higher in all stressed animals. However, no 
changes in neuronal morphology were found in cross-fostering 
mothers. These result showed that the programming behavior 
persists through generations [140].

Overcrowding

Pregnancy

Overcrowding stress

The effects of maternal overcrowding have been considered 
to play an essential role in progeny disease predisposition. 
It has been described that peripartum stress in rat females 
induces changes in the offspring. In gestate rats subjected 
to overcrowding, four non-related female rats were allo-
cated to the same small box with a young pregnant rat from 
pregnancy day 4 until birth. The results showed that over-
crowding induced stress behavior in gestate rats and a sig-
nificant reduction in body weight gain during pregnancy. 
This phenomenon continued during the lactation period, and 
the authors observed the same effects in restrained rats that 
were isolated and exposed to 3 h of light per day. There were 
no differences in litter number or pup body weight. However, 
pups from stressed mothers presented less body weight gain, 
lower corticosterone levels, and increased anxiety behavior 
on lactating days than pups from non-stressed mothers [141].

Lactation

Overcrowding has been studied as a new programming source 
in postnatal life in rats as living in small spaces leads to reduced 
body and organ development. An overcrowding experiment was 
conducted with three young male rats allocated to a small box 
(48 cm2 per rat for 27 days). At the end of the study, animals 
presented a lower body weight and a significant increase in cor-
ticosterone levels found in their fur. Additionally, their heart and 
kidney weights were lower, showing that overcrowding reduced 
young offspring development [142]. Another study showed 
the effects on immune function in offspring, as sensitivity and 
anxiety were found to increase accompanied by physiological 
and behavioral alterations and depressive symptoms, including 
changes in the circadian rhythm due to corticosterone and sleep 
abnormalities [130]. To date, overcrowding in urban areas has 
extensively increased to the point where small homes (almost 25 
m2) are commonly shared between families of three to six peo-
ple [143]. Recent studies have shown that overcrowding (three 
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to five persons per bedroom) in low-income areas in Ecuador 
reduces the probability of teenage pregnancy in young women 
from 14 to 17 years old compared with no overcrowding areas. 
These findings greatly impact offspring programming because 
they induce stress that should be considered a covariate or 
“exposure” in human and animal DOHaD studies [144, 145].

Psychosocial Stress

Pregnancy

In pregnant sows, the effects of social stress were determinate 
when two multiparous and non-pregnant sows were introduced 
to the pen of a young pregnant sow. The results showed that 
pregnant animals adopted submissive behavior, presented slow 
weight gain, and increased the presence of injuries induced by 
other sows. Pregnant sows showed stress effects with a signifi-
cant increase in cortisol levels. In addition, changes in the repro-
ductive axis were observed in offspring [129, 146].

Primates have been considered the best experimental 
model to study psychosocial stress and violence, given that 
their brain structure is similar to that of humans. Gestational 
stress by the effects of psychosocial ambient modified cor-
ticotrophin (CRH) activity displayed alterations in the neu-
roendocrine system during fetal development in humans, 
however, in nonhuman primates, not only increases CRH 
activity but also intensifies the incidence of anxiogenic and 
depressive-like behavior [131]. Another study showed that 
when dams were injected with corticotrophins or adrenocor-
ticotrophins, offspring showed deficiencies in stress control, 
similar to when a pregnant woman was exposed to work-
related stress [147, 148].

Heat Stress

Pregnancy

Pregnant sheep have been commonly used as a research 
animal model because they possess important analogies 
in function and functional structure to the human placenta 
[149]. They deliver precocial young and fetal lambs with 
weights similar conditions to humans [150]. Studies have 
shown that during the first half of pregnancy, hypothermia is 
correlated with a smaller placenta size and diminished blood 
flow in the umbilical cord. Hence, lower contents of amino 
acids, glucose and oxygen [151, 152], and a greater trans-
port of fat [153, 154] cause increases in adiposity, adipocyte 
diameter, and lipid content by the last pregnancy stage [155, 
156]. In addition, when environmental changes occur, such 
as an increase in temperature, maternal heat stress can be 

present and has been associated with a reduction in food 
consumption as a thermoregulatory mechanism to reduce 
metabolic heat production [157, 158]. These effects have 
been reported to affect placental development, inducing 
uterine growth restriction followed by lower weight and a 
high mortality rate in offspring [153, 159]. Programming 
mechanisms due to climate change should be an important 
topic of research.

Lactation

In a study made by Yagil R. [160] in rodents, it was found that 
lactating mothers exposed to high ambient temperature for 8 h 
per day negatively affect rat alveolae development and induce 
adverse effects on milk production; the authors found that milk 
production was significantly reduced additionally had lower 
water, protein and potassium content; by the contrary, the fat 
content was significantly higher compared with the non-stressed 
group; interestingly, the pups had a significant reduction in 
milk consumption when they were compared with pups from 
no stressed mothers; these results suggested that heat stress has 
negative effects on offspring development [160].

Moreover, the deleterious effects of solar radiation on 
the protein and fat contents of sheep milk have been found 
to affect the coagulation properties and firmness of the clot, 
accompanied by a reduction in unsaturated fatty acid content 
[161]. While the quantities of lauric, myristic, and palmitic 
saturated fatty acids increased, a hypercholesterolemic effect 
on human health has been also reported [162]. In addition, 
sheep exposed to high temperatures have been found to 
develop neutrophilia and an increase in lipolytic and pro-
teolytic enzymatic activities in milk (Fig. 2) [161, 163].

Smog Pollution and Overurbanization

Pregnancy

Air pollution has increased worldwide due to human activi-
ties [164, 165]. To date, few studies have focused on the 
effects of smog pollution on maternal offspring program-
ming. In a study with pregnant rats, exposure to wood smoke 
pollution caused a decrease in the conducting airways of 
lungs. According to urban pollution studies, exposure to pol-
lution could be associated with early childhood lower res-
piratory illness [166]. Another study in rats exposed to fine 
particulate matter (PM2.5) and gaseous pollutants during 
pregnancy showed behavioral deficits in male offspring at 
21 days of life, including increased repetitive behavior, poor 
social interaction, and inability to differentiate social novelty 
[122]. Therefore, pollutant presence and concentration in air 
during pregnancy can directly affect offspring development.
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Studies in mice chronically exposed to chemical particles 
derived from urban traffic have shown that smog plays an 
important role in regulating oxidative stress and microbiota 
diversity, which are also related to obesity [167]. In other 
studies, smog has been observed to affect dam reproduc-
tion by altering the placenta’s function and morphology 
[168–171] and its role in other adverse effects on the prog-
eny from early life, such as weight gain, alterations in blood 
pressure, and increased risk of developing heart failure [170, 
172]. Moreover, while searching for novel programming 
mechanisms, we found that early exposure to smog in pri-
mate mothers compromises the offspring’s immune system 
and lung function, which transgenerationally persists [108].

Lactation

The human lifestyles cause new epigenetic environmental fac-
tors to emerge [173]. Growing urbanization increases pollution, 
traffic congestion, and smog concentrations, thereby causing 
negative environmental changes and affecting emotional, physi-
cal, and psychological human health in both men and women 
of reproductive age. A study aimed at the toxicity of maternal 
exposure to ambient levels of 2.5 (ppm) on filial cardiovascular 
development in rats found that toxicity induced by homocyst-
eine exacerbated structural abnormalities in filial cardiac tissue 
and was possibly associated with oxidative stress and reduced 
expression of the transcription factors GATA 4 and Nkx2-5, 
both involved in embryonic heart development and structural 
and functional abnormalities in the fetal heart [174]. Air pollu-
tion has recently been declared as a global emergency due to its 
association with many diseases in animals and humans [175]. 
However, the effects of air pollution on offspring programming 
have been poorly studied. Epidemiological analyses regarding 
air pollution and respiratory viral infections have shown a posi-
tive correlation between air levels (ppm) in certain urban areas 
and human mortality due to cardiovascular and respiratory con-
ditions [176]. Mounting evidence has supported the association 
of smog and overurbanization with respiratory disease in off-
spring programming. It has also been shown that the respiratory 
syndrome caused by SARS-CoV-2 is difficult to control, not 
only because of the severity of the pathology but also due to 
the high agglomeration of air pollutants that facilitate its spread 
[175].

Noise Pollution

Pregnancy

The human body reacts to noise pollution with a general 
stress response mechanism leading to neuroendocrine and 
cardiovascular alterations [121]. In a study on mice that 
examines the effect of noise during pregnancy, scientists 

found an increase in anxiety-like behavior, such as a reduc-
tion in the time spent exploring new objects, higher rates 
of resorbed embryos, and a reduction in litter size [177]. 
However, to better understand how noise pollution impacts 
maternal health in terms of metabolism, reproduction and 
placental–related issues, and offspring health from early life 
to adulthood, it is imperative to consider the development of 
basic experimental, clinical research and epidemiological-
related research worldwide (Fig. 3, Table 1).

Lactation

Longer-lasting sounds can affect animal health. Noise 
directly affects reproductive physiology and energy con-
sumption. Pregnant female rats exposed to elevated envi-
ronmental noise levels gave birth to pups with greater fluc-
tuating asymmetry in the parietal zone, longer bones, and 
lower dental calcium concentrations [178]. Another study in 
minks showed that females exposed to elevated environmen-
tal noise levels killed their own offspring (Fig. 3, Table 1) 
[179].

Alcohol and Smoking

Pregnancy

Recent studies have shown that the offspring of primate mothers 
exposed to alcohol or cigarette consumption were negatively 
affected in fetal programming by an increase in hormonal levels 
crossing the placenta, resulting in early-life offspring anxiety 
[148, 180]. Stress conditions can also induce a high consumption 
of sugar, leading to metabolic deficiencies and obesity (Fig. 2) 
[148]. In this field, many authors suggest that primates are 
valuable as experimental models due to similarities in genome 
sequencing (close to 99%) when compared with humans. How-
ever, constraints due to special housing, nutritional require-
ments, maintenance costs, and ethics make primates a rarely 
used animal model [101, 148].

Industrialization

Pregnancy

Industrialization involves an extensive reorganization of 
national economies to manufacture a large number of prod-
ucts for human consumption, and the effects of all of indus-
trial activities in offspring programming have been poorly 
studied. A recent review showed that the excessive intake of 
fructose, a common constituent of the Westernized diet due 
to low cost and production efficiencies, appears to be asso-
ciated with adverse metabolic effects [181]. Accordingly, 
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another study in rats showed that luminal fructose during 
critical periods of neonatal development has been reported 
to stimulate an early upregulation of GLUT-5 expression in 
the gut. The mechanism by which this upregulation occurs 
in young rats appears to involve c-fos and c-jun pathway 
activation, suggesting that postnatal fructose uptake abili-
ties may be determined in early life [182]. Overall, exces-
sive fructose intake is associated with a great number of 
metabolic disorders. More relevant, fructose intake during 
pregnancy impacts not only maternal metabolic parameters 
but also placenta and/or fetal development, influencing 
postnatal disease risk [181, 183–185]. Another important 
compound related to industrialization is bisphenol (BPA), 
which is an organic synthetic compound and a precursor 
to important plastics, primarily certain polycarbonates and 
epoxy resins that are used by humans. BPA is a common 
environmental pollutant that is ubiquitous in the natural 
environment and can affect human health [186]. Suvorov 
A. observed the effects of bisphenol exposure during preg-
nancy and lactation in 37 experimental studies in rodents. 
The results indicated an increase in uterine abnormalities in 
female adult offspring, such as changes in estradiol recep-
tor expression, an increase in irregular circadian cycles, 
elongated cycles in mice, and an increase in infertility, and 
other conditions, concluding that the mechanism of uterine 
programming is still unknown. All of these changes founded 
by Suvorov A. in the 37 animal experimental studies can be 

related to environmental factors. However, by the moment, 
they did not report as substantial changes associated with 
developmental programming or DOHaD [187]. Other stud-
ies performed in Mongolian gerbil (Meriones unguiculatus), 
in which mothers were exposed to bisphenol during preg-
nancy and lactation, showed that bisphenol causes adverse 
effects on mammary gland tissue, inducing the development 
of carcinoma through the increase in TGFβ and metallo-
proteinases MMP2, MMP3, and MMP9 expression, mak-
ing it obvious the deleterious effects of bisphenol exposure 
[188]. In addition, Yousef MM. [189] studied male albino 
rat offspring from mothers exposed to a low dose of bisphe-
nol during gestation and lactation. The histological analy-
sis showed testicular toxicity as changes in spermatogenic 
cells, spermatids, Sertoli cells, and Leydig cells. However, 
higher doses of maternal dose exposure markedly increased 
all testicular parameters, displaying hypo spermatogenesis 
and leading to infertility [189].

Industrialization also includes the increase in radiofre-
quency electromagnetic waves due to exposure to mobile 
phones, Wi-Fi, and a wide range of electronic devices that 
are regularly used in daily lives. Recent studies have focused 
on the effects of radiation due to global telecommunication 
systems during gestation and postnatal life. Rats were sub-
jected to irradiation (1800 MHz) during pregnancy for 1 
or 2 h per day for 1 to 2 weeks. The authors observed an 
increase in uterine hemorrhage and an increase in reabsorbed 

MMaatteerrnnaall ccllaassssiiccaall aanndd nneeww eemmeerrggiinngg ffaaccttoorrss iinn ddeevveellooppmmeennttaall pprrooggrraammmmiinngg dduurriinngg ggeessttaattiioonn aanndd llaaccttaattiioonn

of life.

High-carbohydrate diet
Impaired number of β cells and insulin receptors, increased
taste in sugary food, and incidence of drug and alcohol abuse.
Increased obesity prevalence

Industrialization
Presence of luminal fructose during critical periods of
neonatal life.
Uterine abnormalities in female adulthood offspring

Low-protein diet 
Liver, pancreas, and adipose tissue negative programming.
Increase in fatty liver, liver steatosis, cirrhosis and liver cancer,
diabetes and obesity due to increased adipose tissue
Impaired body development and liver homeostasis.
Increase in obesity in adult life. Low leptin levels, increased body
weight and visceral adipose tissue.
Hypertrophy of adipocyte and insulin resistance.
Development of chronic degenerative diseases

of life.

High-fat diet
Increased taste for food in postnatal life. Weight gain from the
first days of extra-uterine life.
Obesity and diabetes development in early life.
Renin angiotensin system in adipose tissue impairment
Increase in food ingestion
Weight gain from the first days of extra uterine life and
development of obesity and diabetes from the early stages of
life

Increment in thyroid metabolism
Increase in triglycerides , anxiety
Lower lipid droplets in brown adipose tissue

Sedentary life style
Sedentary life style

Increase in body weight, presence of
metabolic syndrome, hypertension,
hyperphagia, hyperinsulinemia,
hyperleptinemia

Smog and pollution 

Stress 

Compromises direct neuronal connections
Affecting hormone regulation
Depression and anxiety
Sedentary

Stress
Compromises direct neuronal connections
Affecting hormone regulation
Depression and anxiety
Sedentary
Reduction of body and organ development, impaired immune
function, increased allergen sensitivity, decreased social
interaction, and increased anxiety. Depressive alterations,
changes in the circadian cycle and sleep abnormalities.

Smog and Pollution
Decrease in the conducting lungs airways
Male offspring at 21 days of life have behavioral deficits.
Changes in alveolar development
Impaired cardiovascular development

Greater fluctuating asymmetry in their parietal and long
bones
Decreased dental calcium concentration

Noise

Gestation

Lactation

Fig. 3   Maternal classical and new emerging factors in developmental programming during gestation and lactation
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or dead fetuses after 2 weeks of exposure. At birth, exposed 
pups had an increase in body malformations and delay of 
growth, showing that the electromagnetic field causes detri-
mental effects in pre- and early postnatal life [190].

Lactation

As previously mentioned above, when studying the effects 
of industrialization, it is important to address the effects of 
bisphenol [186]. A recent study of rat offspring from moth-
ers exposed to different bisphenol concentrations during 
gestation and lactation showed hypotriglyceridemia and 
hyperthyroxinemia in males and higher 25(OH)D levels in 
females in offspring early in life. In adult life, males showed 
lower visceral adiposity, females had smaller fat droplets 
in brown adipocytes, and changes were related to higher 
anxiety and locomotor activity in males. Females presented 
lower exploration behavior, showing that bisphenol exposure 
damaged the triacylglycerol hormone pathway and caused 
changes in offspring behavior. Both sexes of offspring pre-
sented less food intake [191]. Another study found nega-
tive effects on oxidative stress, metabolism disruption, and 
the liver antioxidant defense system in male offspring mice 
due to bisphenol exposure [186]. Recently, bisphenol expo-
sure has been related to cognitive dysfunctions in rodents 
and humans. However, their mechanisms in brain damage 
are not yet clear. A study in rats exposed to 1 mg/kg/day 
bisphenol during gestation and lactation found a markedly 
decreased discrimination ability in pups (postnatal 21 days). 
Researchers concluded that bisphenol exposure disturbed 
the response properties of visual neurons for orientation 
and detection and caused a decrease in synaptic plasticity 
of pyramidal neurons in the primary visual cortex [192]. 
Accordingly, Wang Y. [193] demonstrated that higher bis-
phenol concentrations during pregnancy and lactation could 
impair the hippocampal function of male offspring by affect-
ing hippocampal neuron growth and apoptosis.

Discussion

Approaches in scientific research within DOHaD have seen 
a change in priorities in study perspectives due to the emer-
gence of factors that may negatively affect offspring health 
programming [194, 195]. Due to lifestyles in modern soci-
ety, several factors stand out, such as eating food with little 
nutritional value, sedentary behavior, work-related stress, 
maternal attachment issues, overcrowding, and high pollu-
tion levels. In contrast, Delemarre-van de Waal HA. [196] 
reported that industrialization, physical activity, and socio-
economic status positively affected child growth when sup-
ported by a suitable food supply, sanitation services, and 
higher education level. Therefore, it is important to study 

the classical DOHaD approaches and consider the influence 
of these new factors [197–199]. Unfortunately, food short-
ages and excessive population growth have already led to 
the overexploitation of ecosystems and natural resources. 
Additionally, the need to supply food to the entire human 
population has led to the use of hormone supplements and 
transgenic biotechnology to reduce physical spaces to raise 
cattle for mass food production. In turn, the nutritional qual-
ity of food is affected, which can negatively affect the health 
of consumers [200, 201].

It is therefore a priority to question quality of life and 
health at the individual, familial, and social levels. Little is 
known about the real damage these negative factors cause 
to health. It is also imperative to investigate these conse-
quences on women’s health at reproductive age and in the 
first 1000 days of offspring life to better understand how they 
affect programming [202, 203]. This stage includes matura-
tion and differentiation processes and the full development 
of new individuals at incredible speed. New research should 
be directed with special priority on diseases of the highest 
incidence, such as obesity, metabolic syndrome, hyperten-
sion, cardiovascular diseases, diabetes, and cancer [204, 
205].

Conclusion

Overall, studying DOHaD over time is important to under-
standing how epigenetic factors positively or negatively 
program the health of progeny. It is important to consider 
the new factors that now exist in women’s daily lives in the 
reproductive, pregnancy, and lactating stages. The preva-
lence of current diseases can be prevented in offspring if 
lifestyle-related decisions are consciously made based 
on health. These fundamental changes could be achieved 
through professional support from health centers, especially 
those fully oriented to obesity-related counseling, since we 
are now experiencing the worst epidemic of obesity in world 
history. However, we must never rule out that the manifesta-
tion of almost all current diseases has resulted from induced 
changes in the societies in which we all live. It is crucial to 
consider that the most important changes occur at home, and 
that critical external factors should be modified. This kind of 
consideration will help us to restore the natural order with 
respect to animal welfare, including natural spaces for spe-
cies that have interacted with humans in several paths, and 
will likely continue in the foreseeable future.
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